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ABSTRACT 

The use of pan-HDACi for disease treatment has gained an interest in recent years, albeit 

exhibiting low specificity, variable efficacy and side effects. Each HDAC with its own activity 

could be considered as an independent pharmacological target to develop an effective therapy that 

circumvents the adverse effects of pan-HDACi treatment. HDAC8 belongs to class I HDAC and 

is known to modulate cohesin complex activity through deacetylation of SMC3. It possesses a 

unique structure among HDACs, which allowed the development of highly specific inhibitors, 

such as the PCI-34051. However, HDAC8 function and its involvement in pathological conditions 

is still largely unknown. To examine in depth HDAC8 physiological and pathological roles and 

assess whether it can represent a valuable pharmacological target, we analysed its function and the 

effect of its inhibition by using both in vitro (cell lines) and in vivo (zebrafish) models. In 

particular, we assessed HDAC8 function in three different tissues and related disorders: i) 

haematopoietic stem and progenitor cells (HSPC) and acute myeloid leukemia (AML); ii) neural 

stem cells (NSC) and Cornelia de Lange syndrome (CdLS); iii) skeletal muscle and Duchenne 

muscular dystrophy (DMD). We found that HDAC8 overexpression increased the proliferation of 

HSPCs in zebrafish and that its inhibition with PCI treatment restored normal phenotype, 

favouring cell cycle arrest, and induced apoptosis of AML cells. By contrast, HDAC8 knockdown 

lead to impairment of both central nervous system development and skeletal muscle 

differentiation. Furthermore, we found that HDAC8 overexpression is also associated with DMD 

phenotype and demonstrated that treatment with PCI inhibitor almost restored normal condition. 

Such positive effects were underlined by multiple mechanisms, which included cell cycle arrest, 

apoptosis induction and modulation of canonical Wnt pathway. Moreover, by acetylome profiling 
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we identified α-tubulin as HDAC8 target thus revealing HDAC8 involvement in regulation of 

microtubule structure. 

Additionally, to confirm the involvement of HDAC8 in the aforementioned pathologies, we 

investigated also the role of its partner NIPBL. By RNA-seq analysis we assessed the effect of 

NIPBL knockdown on gene expression revealing a number of differentially expressed genes linked 

to pathways altered in CdLS or AML.
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1. INTRODUCTION 

1.1 HDAC8 

1.1.1 An overview on histone deacetylases 

Histone deacetylases (HDACs) are a highly conserved family of enzymes that are responsible for 

the removal of acetyl moieties from lysine residues. Since their discovery, 18 human HDAC 

isoforms were characterized and classified on the basis on their structure, function, sub-cellular 

localization and homology to yeast HDACs. According to these criteria, four classes were 

identified: class I, which comprises HDAC1,2,3 and 8; class II, which is further subdivided into 

class IIa, including HDAC4,5,7 and 9, and class IIb, composed by HDAC6 and HDAC10; class 

III, which is the class of the sirtuins family (SIRT1-7); class IV, with a unique member HDAC11. 

Classes I, II and IV HDACs are Zn2+-dependent enzymes sharing a conserved catalytic domain. 

By contrast, class III sirtuins are NAD+-dependent deacetylases and present a different catalytic 

domain compared to other HDACs (Parbin et al. 2014). Class I HDACs are mainly nuclear, 

whereas other classes members are able to shuttle from the nucleus to the cytoplasm and sirtuins 

were found to localize also in mitochondria (Banerjee et al. 2019). 

HDACs were initially identified as negative regulators of gene expression: deacetylation of lysines 

on histone tails by HDACs increases the positive charge of tails, which in turn bind to the negative 

charged DNA, causing chromatin condensation and preventing transcription. Since HDACs lack 

DNA-binding capability, they require association with protein complexes to execute their gene 

expression modulation activity (Patra et al. 2019). In addition to this well-known function, studies 

revealed that HDACs are also involved in post-translational modification of non-histone proteins, 

regulating diverse cellular processes such as cell cycle progression, apoptosis and cytoskeleton 

dynamics. For example, class I HDACs were reported to deacetylate several transcription factors 
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(Banerjee et al. 2019), whereas HDAC6 was demonstrated to deacetylate tubulin (Hubbert et al. 

2002). 

 

1.1.2 HDAC8: structure and substrates 

Histone deacetylase 8 (HDAC8) is the last characterized class I HDAC. It is a ubiquitously 

expressed Zn2+-dependent HDAC mapped on human chromosome X (Buggy et al. 2000; Hu et al. 

2000; Van Den Wyngaert et al. 2000). HDAC8 is the smallest class I HDAC and studies revealed 

that it is characterized by unique features compared to other members of its class. Structurally, 

HDAC8 is a 42 kDa protein (377 amino acids) consisting of a N-terminal serine binding domain 

and a HDAC catalytic domain, which also contains the nuclear localization signal. Like other class 

I members, HDAC8 possesses a catalytic tyrosine Y306, which is preceded by a class I HDAC 

specific tetra-glycine motif (G302GGGY) (Porter et al. 2016). These glycine residues were proven 

to play a crucial role in deacetylation reaction, as single amino acid substitutions cause loss of 

Y306 catalytic activity (Porter et al. 2016). The active site of the enzyme is constituted by a tunnel 

that leads to a cavity in which the catalytic site resides. According to crystallography studies, the 

tunnel is formed by amino acids F152, F208, H180, G151, M274 and Y306, which are conserved 

among class I HDACs, except for methionine 274, which is a leucine in all other class I members 

instead (Somoza et al. 2004). As for the catalytic domain, it presents 7 loops (L1-L7) and the Zn2+ 

ion is located between L4 and L7 (Lombardi et al. 2011). Compared to other class I HDACs, 

HDAC8 lacks the C-terminal protein binding domain, which is required for the recruitment to 

complexes regulating HDACs function, thus suggesting either its activity might not require co-

complexes or it might use different recruitment mechanisms (Somoza et al. 2004). Also, in 

proximity of the active site HDAC8 possesses a peculiar N-terminal L1 loop, in terms of size and 

composition as well as of flexibility. In fact, the L1 loop is highly flexible and capable of 

undergoing conformational changes to accommodate different substrates (Somoza et al. 2004). 

Additionally, HDAC8 differs from other class I HDACs due to its unique regulation by cAMP-
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dependent protein kinase (PKA), which negatively modulates its deacetylase activity by 

phosphorylation of serine S39 (H. Lee, Rezai-Zadeh, and Seto 2004). 

Despite belonging to class I, HDAC8 was shown to localize both in the nucleus and in the 

cytoplasm (Waltregny et al. 2005; J. Li et al. 2014). Whether histones can be considered HDAC8 

targets is still debated. In fact, while in vitro deacetylase assays indicated HDAC8 activity over 

histones and histone tail-derived peptides (Buggy et al. 2000; Hu et al. 2000; Van Den Wyngaert 

et al. 2000; H. Lee, Rezai-Zadeh, and Seto 2004), successive acetylome studies failed in 

identifying acetylation changes of histones following HDAC8 modulation (Olson et al. 2014; 

Schölz et al. 2015). On the contrary, among nuclear substrates, several proteins involved in 

transcription regulation and mRNA processing were identified. The first evidence of deacetylation 

of transcription factors by HDAC8 was reported by Wilson and colleagues, who showed that 

HDAC8 positively modulates estrogen-related receptor α (ERRα) binding to DNA, both in vitro 

and in vivo (Wilson et al. 2010). More recently, an acetylome study identified other transcription 

factors and mRNA processing modulators as candidate HDAC8 targets, such as retinoic acid 

induced 1 (RAI1), AT-rich interactive domain-containing protein 1A (ARID1A), zinc finger Ran-

binding domain-containing protein 2 (ZRANB2) and nuclear receptor co-activator 3 (NCOA3) 

(Olson et al. 2014). Interestingly, HDAC8 was shown to negatively modulate p53 function. Wu 

and colleagues demonstrated that HDAC8 not only suppresses p53 activity through deacetylation 

of Lys382, but also downregulates its expression, thus promoting cell cycle progression and 

inhibiting intrinsic apoptotic pathway (Wu et al. 2013). Importantly, p53 deacetylation by HDAC8 

was demonstrated to play a pivotal role in favouring long-term hematopoietic stem cell (LT-HSC) 

survival under hematopoietic stress, as conditional Hdac8Δ/Δ mice showed a progressive loss of 

HSC repopulating capability over time (Hua et al. 2017). Another well-known HDAC8 nuclear 

substrate is the cohesin complex protein structural maintenance of chromosome 3 (SMC3), which 

acetylation/deacetylation modulate cohesin recycling (see paragraph 1.1.3) (Deardorff, Bando, 

et al. 2012; Schölz et al. 2015).  
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As for cytoplasmic substrates, HDAC8 seems to be mainly involved in the deacetylation of targets 

associated with cytoskeleton dynamics. Li and colleagues demonstrated that HDAC8 is 

responsible for cortactin deacetylation in smooth muscle tissue in response to acetylcholine 

stimulation, thus strongly affecting smooth muscle contraction as deacetylated cortactin is able to 

induce actin polymerization (J. Li et al. 2014). Also, HDAC8 was shown to associate with smooth 

muscle α-actin (Waltregny et al. 2005; Saito et al. 2019). Similarly, HDAC8 inhibition was 

reported to negatively affect TGFβ1-induced contraction in human lung fibroblasts (Saito et al. 

2019). Moreover, a recent paper highlighted a new role for HDAC8 as an α-tubulin deacetylase in 

HeLa cells (Vanaja, Ramulu, and Kalle 2018). 

In addition to its canonical deacetylase activity, a scaffolding function has been proposed for 

HDAC8. Evidence supporting this hypothesis came from Gao and colleagues, who showed that 

HDAC8 binds both cAMP response element-binding protein (CREB) and protein phosphatase 1 

(PP1), thus favouring CREB dephosphorylation by PP1 and reducing CREB-mediated gene 

expression (J. Gao et al. 2009). 

 

1.1.3 HDAC8 and cohesin 

Cohesin is a ring-shaped multiprotein complex which is highly conserved among species. It 

favours DNA encircling and mediate diverse functions, such as modulation of sister chromatid 

cohesion during cell cycle (Michaelis, Ciosk, and Nasmyth 1997; Watrin and Peters 2009; 

Jeppsson et al. 2014) and transcriptional regulation by both mediating chromatin architecture 

modification (Wendt et al. 2008; Kagey et al. 2010; Seitan et al. 2013; Lyu, Rowley, and Corces 

2018; Bernardi 2018) and interacting with RNA polymerase II. 

The core structure of the complex in human is composed by structural maintenance of chromosome 

1 and 3 (SMC1 and SMC3), by the α-kleisin subunit RAD21 (homologue of yeast Scc1) (Nasmyth 

2011) and by either stromal antigen 1 or 2 (SA1 and SA2, also known as STAG1 and STAG2) 

(Canudas and Smith 2009). In addition, several other factors associate with cohesin to modulate 
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its function, such as the Nipped B-like (NIPBL) and MAU2 proteins, which are responsible for 

loading the complex onto DNA (Ciosk et al. 2000; Krantz et al. 2004). 

Cohesin operates in a cyclic manner (Figure 1): it is loaded onto DNA, performs its function and 

then is removed from the chromosome to start a new cycle. For the proper occurrence of this cycle, 

the acetylation of SMC3 is crucial, as it makes the complex cohesive. In human acetylation of 

SMC3 occurs on K105/K106 and is performed by ESCO1 or ESCO2 acetyltransferase (Hou and 

Zou 2005; Vega et al. 2005), whereas HDAC8 deacetylates the subunit to mediate recycling of the 

complex (Deardorff, Bando, et al. 2012). 

 

Figure 1: Cohesin complex and accessory factors. Adapted from (Pezzotta et al. 2019) 

 

1.1.4 HDAC8 and disorders 

In the last years some studies revealed increasing evidence of HDAC8 involvement in several 

diseases, ranging from cancer to viral infections (Figure 2). The first description of HDAC8 

involvement in human disorders was in patients affected by Cornelia de Lange Syndrome (CdLS) 

(Deardorff, Bando, et al. 2012; Kaiser et al. 2014; Feng et al. 2014; X. Gao et al. 2018), a 

multiorgan disorder characterized by intellectual disability, facial dysmorphism, growth 
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retardation, limb defects and cardiac anomalies (Kline et al. 2018) and associated to mutation of 

cohesin members (Tonkin et al. 2004; Krantz et al. 2004; Musio et al. 2006; Deardorff et al. 2007; 

Deardorff, Wilde, et al. 2012). In these patients HDAC8 mutations are mainly de novo missense 

mutations causing complete or partial loss of deacetylase activity and they were reported to 

associate with severely skewed X inactivation, thus suggesting a strong negative selection for the 

mutant allele (Deardorff, Bando, et al. 2012; Decroos et al. 2014; Kaiser et al. 2014). How HDAC8 

or other cohesin subunits mutations cause CdLS is still debated. Sister chromatid cohesion was 

unaffected in CdLS patients (Castronovo et al. 2009), but recent works highlighted dysregulation 

of multiple vital biological processes in mutant cohesin cell lines (Liu et al. 2009; Yuen et al. 2016; 

Mills et al. 2018), thus suggesting that the mechanism underlying the syndrome may be a genome-

wide gene expression dysregulation. Indeed, HDAC8 mutations cause dysregulation of gene 

expression in a lymphoblastoid cell line (LCL) derived from a CdLS patient and the genome 

alteration strongly correlated with those found in cell lines carrying mutation of NIPBL (Deardorff, 

Bando, et al. 2012). 

Differently from CdLS, no HDAC8 mutation has been associated to cancer so far. Conversely, 

HDAC8 dysregulation or overexpression was reported. A study by Nakagawa and colleagues 

identified HDAC8 overexpression in several cancers, including lung, gastric, pancreas and colon 

cancers (Nakagawa et al. 2007). In hepatocellular carcinoma HDAC8 upregulation was associated 

to increased proliferation and inhibition of apoptosis (Wu et al. 2013), whereas in a model of non-

alcoholic fatty liver disease-associated hepatocellular carcinoma (NAFLD-associated HCC) it was 

demonstrated to both sustain NAFLD by inducing insulin resistance and promote tumour growth 

by positively modulating the canonical WNT pathway (Tian et al. 2015). In breast cancer cells 

HDAC8 was reported to promote invasion through induction of metallopeptidase 9 (Park et al. 

2011) and its high expression was correlated with advanced stage neuroblastoma and poor 

outcome (Oehme et al. 2009). HDAC8 was associated to haematological malignancies as well. In 

a study by Moreno and colleagues, an increase in HDAC8 expression was found in a group of 94 
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childhood acute lymphoblastic leukemia (ALL) patients (Moreno et al. 2010). Its overexpression 

was reported also in adult T cell leukemia/lymphoma (TLL) (Higuchi et al. 2013) and in human 

myeloma cell lines (Mithraprabhu et al. 2014). Interestingly, in a particular subset of acute myeloid 

leukemia (AML) patients carrying an inversion on chromosome 16 (inv(16)), HDAC8 was 

demonstrated to interact with the resulting fusion protein, CBFβ-SMMHC, consisting of the 

RUNX1 binding interface of core-binding factor β (CBFβ) and the coiled-coil rod region of smooth 

muscle myosin heavy chain (SMMHC) (Durst et al. 2003). More recently, Qi and colleagues 

showed that the inv(16) fusion protein leads to increased deacetylation of p53 by HDAC8, thus 

causing p53 inhibition and promoting survival and proliferation of inv(16)+ AML CD34+ cells. 

Interestingly, they identified an increased HDAC8 expression not only in inv(16)+ AML CD34+ 

cells, but also in non-inv(16)+ CD34+ cells deriving from AML patients (Qi et al. 2015), suggesting 

that a specific HDAC8 inhibition could be a promising therapeutic treatment for several types of 

AML. In addition to the negative modulation of p53 activity, HDAC8 was proposed to contribute 

to tumour progression through interaction with ever-shorter telomerase 1B (EST1B), which 

prevents ubiquitin-mediated EST1B degradation and increases telomerase activity in Hela cells 

(Heehyoung Lee et al. 2006). 

Besides CdLS and cancer, HDAC8 was also associated to infections. In fact, the HDAC8 ortholog 

of Schistosoma mansoni was demonstrated to be crucial for the survival of the parasite worm 

(Marek et al. 2013) and human HDAC8 was shown to promote penetration of Influenza A and 

Uukuniemi virus into cells (Yamauchi et al. 2011). 
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Figure 2: HDAC8 is associated to several diseases. From (Banerjee et al. 2019)  
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1.2 HDAC inhibitors 

1.2.1 HDACi: pros and cons 

HDAC inhibitors (HDACi) are drugs that block the activity of histone deacetylases, thus restoring 

or increasing acetylation levels of histones and other non-histone target proteins. HDACi mainly 

comprise four classes of molecules: short chain fatty acids, hydroxamic acids, benzamides and 

cyclic tetrapeptides (Fischer et al. 2010).  

HDACi are now widely used as anti-cancer drugs because different tumours show a global 

decrease of acetylation levels due to HDACs overexpression (Parbin et al. 2014). Studies involving 

HDACi showed their potential in inhibiting tumours survival and progression in both solid and 

haematological malignancies (Ceccacci and Minucci 2016; Imai, Maru, and Tanaka 2016; 

Eckschlager et al. 2017). This anti-cancer activity is related to multiple mechanisms of action of 

HDACi, which include cell cycle arrest, modulation of pro- and anti-proliferative factors such as 

proliferating cell nuclear antigen (PCNA) and p21, apoptosis induction and inhibition of 

angiogenesis (Kuefer et al. 2004; X. N. Li et al. 2005; Shabbeer et al. 2007; Sun et al. 2009). In 

the wake of these promising results, several HDACi are currently under pre-clinical study or 

clinical trials as anti-cancer treatment and the Food and Drug Administration (FDA) already 

approved clinical use for four of them, namely vorinostat, romidepsin, belinostat and panobinostat. 

In particular, vorinostat (also known as suberoylanilide hydroxamic acid, SAHA) and romidepsin 

are currently used in the treatment of cutaneous T-cell lymphoma (CTCL), whereas belinostat and 

panobinostat were approved for the treatment of peripheral T-cell lymphoma and multiple 

myeloma, respectively (Eckschlager et al. 2017). In addition to their anti-cancer effects, HDACi 

have emerged as a potential therapeutic approach also for other pathologies, such as 

neurodegenerative and psychiatric disorders (reviewed by (Qiu et al. 2017)). Interestingly, HDACs 

inhibition has recently emerged as an attractive pharmacological approach for the treatment of 

Duchenne muscular dystrophy (DMD), a X-linked skeletal muscle disorder caused by mutations 

in the DMD gene encoding for dystrophin (Hoffman, Brown, and Kunkel 1987). In fact, several 
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works revealed a crucial role for HDACs in the epigenetic regulation of myogenesis (Sincennes, 

Brun, and Rudnicki 2016) and their inhibition was proven to favour myoblasts fusion and 

myogenic differentiation by promoting skeletal muscle differentiation and regeneration (Iezzi et 

al. 2002; 2004; Kobayashi et al. 2007; Saccone et al. 2014). In this regard, HDACi efficacy in in 

vivo DMD models has already been proven (Minetti et al. 2006; Colussi et al. 2008; Johnson, Farr, 

and Maves 2013) and HDACi Givinostat is currently in phase III clinical trial. 

Despite displaying a promising potential, HDACi use is still limited by safety issues, which are 

likely due to the lack of specificity. In fact, due to structure conservation among HDACs, most of 

the HDACi are nonselective and act as pan-HDACi, thus conditioning a number of cellular 

processes as a result of inhibition of all HDAC proteins, causing a number of side effects, including 

nausea, anorexia, thrombocytopenia and metabolic dysfunctions (Subramanian et al. 2010). As a 

consequence, many HDACi failed to pass clinical trials. Thus, current efforts focus on better 

understand the role of single HDACs in pathologies and develop more selective inhibitors in order 

to improve therapy outcome. 

 

1.2.2 HDAC8 specific inhibition 

The peculiar structure of HDAC8 (Somoza et al. 2004) allowed the development of highly specific 

inhibitors, even though none of them has been approved for clinical use yet (Banerjee et al. 2019). 

To date, more than 20 HDACi showed HDAC8 inhibition capability, including pan-HDACi and 

HDAC8 selective inhibitors. Several compounds that exhibit HDAC8 inhibition specificity were 

identified, such as hydroxamic acids (KrennHrubec et al. 2007), triazoles (Suzuki et al. 2014) and 

meta-sulfamoyl N-hydroxybenzamides (Zhao et al. 2018). Most potent HDAC8 selective 

inhibitors include tetrapeptide derivatives (Vaidya et al. 2012), aryl hydroxamate derivative PCI-

34051 (Balasubramanian et al. 2008) and triazole analogue OJI-1 (Ingham et al. 2016). 

Interestingly, PCI-34051 (hereafter PCI) showed a >200-fold specificity for HDAC8 than other 

HDAC isoforms (Balasubramanian et al. 2008).  



13 
 

HDAC8 inhibition was extensively assessed as an anti-cancer approach and it was reported to 

mediate several anti-tumoral mechanisms. In in vitro and in vivo models of neuroblastoma, 

treatment with HDAC8 specific inhibitors induced apoptosis and retinoic acid-mediated 

differentiation together with growth arrest through upregulation of p21 (Rettig et al. 2015). Similar 

results were reported by Lopez and colleagues, who observed S-phase cell cycle arrest and 

apoptosis in human and mouse malignant peripheral nerve sheath tumour (MPNST) cell lines 

following treatment with HDAC8 inhibitors (Lopez et al. 2015). Consistently, PCI treatment 

determined cell cycle arrest and apoptosis in BEL-7404 and PLC5 liver cancer cells but not in 

LO2 and HepG2 cell lines, which expressed low HDAC8 levels (Tian et al. 2015). Also, in 

inv(16)+ CD34+ AML HSCs inhibition of HDAC8 restored p53 acetylation, causing p53-

dependent apoptosis and abrogating AML survival and progression (Qi et al. 2015). Differently, 

in T-cell lymphoma cell lines PCI treatment induced caspase-mediated apoptosis by PLCγ1-

dependent calcium mobilization (Balasubramanian et al. 2008). In colon cancer cells HDAC8 

inhibition by methylselenocysteine (MSC) induced activation of Bcl2-modifying factor (BMF)-

mediated apoptotic pathway (Kang et al. 2014). In breast cancer cell lines, PCI treatment inhibited 

proliferation and reduced migration (An et al. 2019). Interestingly, Dasgupta and colleagues 

suggested that alteration of cohesin transcriptional activity might not be one of anti-tumoral 

mechanisms underlying HDAC8 inhibitors efficacy, as one could expect due to HDAC8 regulation 

of SMC3 acetylation status (Dasgupta et al. 2016).   
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1.3 The zebrafish model 

1.3.1 Zebrafish use in research 

Zebrafish (Danio rerio) is a small (3-4 cm) freshwater teleost belonging to the Cyprinidae family 

and hailing from Asia (India, Pakistan, Bangladesh and Nepal). Zebrafish use as a research model 

is rapidly catching on as it confers a number of advantages in comparison to other animal models, 

such as mouse or rat. These advantages include: relative low cost of maintenance; easy 

manipulation; external fertilization, which avoids the sacrifice of mothers to study embryonic 

development; high numbers of fertilized eggs from a single mating, which guarantee samples 

numerousness; possibility of directly observe organ development due to optical transparency of 

embryos within the first 24 hours post fertilization (hpf), a window which can be further expanded 

by preventing pigmentation through addition of 1-phenyl 2-thiourea (PTU) to fish water (Karlsson, 

Von Hofsten, and Olsson 2001). Zebrafish is widely used as a tool to study gene functions in 

biological processes and their involvement in disease insurgence. It is a good tool to model human 

diseases by either inducing a transient dysregulation of specific gene expression or by generating 

mutant lines carrying disease-associated mutations. 

To transiently modulate gene expression, in terms of gene knockdown or gene overexpression, the 

most applied method is to inject specific gene sequences in zebrafish embryos at 1-cell stage of 

development (Rosen, Sweeney, and Mably 2009). A specific gene knockdown can be obtained by 

injection of a specific modified antisense oligonucleotide sequence, called morpholino (MO), 

which can bind mRNA at the level of either ATG transcription start site, or a specific splicing site. 

In the first case, protein synthesis is completely blocked (Nasevicius and Ekker 2000); in the 

second case, exon skipping or intron retention leads to the synthesis of a defective protein (Draper, 

Morcos, and Kimmel 2001). Overexpression of a specific gene can be performed by injecting the 

relative full-length mRNA sequence. The main limitations of this technique are the transient 

activity of morpholino, which maximum effect is reached at 3 days post-fertilization (dpf) by 
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totally disappearing at 6 dpf (Nasevicius and Ekker 2000), and transient expression of mRNA 

which undergoes a rapid degradation.  

To overcame these limits, it would be possible to generate zebrafish mutants, carrying specific 

gene mutations. Generation of mutant lines can be achieved by multiple systems such as N-ethyl-

N-nitrosurea (ENU) (Mullins et al. 1994), a method consisting in adult zebrafish males exposure 

to ENU in order to mutagenize their sperm before mating with adult females, thus giving birth to 

a spawn carrying heterozygous mutations. This technique is highly efficient but it is limited by the 

randomness of induced mutations (Moens et al. 2008). In recent years generation of mutant 

zebrafish lines improved both in terms of efficiency and specificity due to introduction of genome 

engineering techniques which allow precise gene editing, such as zinc-finger nuclease (ZFN), 

TALEN and CRISPR/Cas9 technology (Porteus and Carroll 2005; Sander et al. 2011; M. Li et al. 

2016). 

Zebrafish genome editing is also widely used to generate transgenic reporter lines that express a 

fluorescent reporter gene, such as GFP or mCherry, in specific cells or tissues in different 

conditions. To generate a transgenic zebrafish line using gene editing technologies a knock-in 

should be performed to insert the coding sequence of a reporter gene in a specific gene locus, 

downstream the promoter sequence which can control the tissue specific expression of reporter 

gene in different conditions. For example, the Tg(CD41:GFP) line expresses GFP in 

haematopoietic stem and progenitors cells (HSPCs) (Lin et al. 2005; Ma et al. 2011), while in the 

Tg(TOPdGFP) line GFP expression is under control of canonical WNT pathway activity (Dorsky, 

Sheldahl, and Moon 2002). 

In addition to genetic studies, zebrafish also represents a good model for drug testing, as it offers 

several advantages in drug screening compared to other in vitro and in vivo models (MacRae and 

Peterson 2015). In fact, the large number of embryos obtained by a single mating allows to test 

several molecules or different doses of a specific drug at once. Also, treatment with drugs is easy 

to perform, as embryos can adsorb small compounds directly from fish water. Additionally, the 
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transparency of embryos permits direct observation of organs development, thus giving an 

immediate read-out of specific and side effects of tested drugs.  

 

1.3.2 Zebrafish as a model to study HDAC8 

Several molecular mechanisms and developmental processes are highly conserved between 

zebrafish and mammals. Therefore, the zebrafish is a valuable model to study HDAC8 functions 

in physiological processes and related disorders. These include haematopoiesis and AML, 

neurogenesis and CdLS, skeletal muscle development and DMD. Zebrafish is widely adopted as 

a model to study haematopoiesis and haematological disorders. In zebrafish two haematopoietic 

waves occur, primitive and definitive, which are temporarily separated by a transient intermediate 

wave (Bertrand et al. 2007; Paik and Zon 2010). Primitive haematopoiesis begins at the 2-somite 

(around 10.5 hpf) stage of embryo development and gives rise to erythroid and myeloid lineages 

cells (Detrich et al. 1995; Bennett et al. 2001; Lieschke et al. 2002). In definitive haematopoiesis, 

which begins at around 30 hpf, self-renewing haematopoietic cells (HSCs), which differentiate in 

all blood cell types and sustain haematopoiesis throughout adulthood (Bertrand et al. 2010), arise. 

Zebrafish represents a useful model to study haematopoiesis as oxygen exchange in zebrafish 

embryos can entirely rely on passive diffusion until 7 dpf, thus making possible to use it as a 

powerful tool to study haematopoiesis-related mutations that would be lethal in other models, such 

as mouse (Gore et al. 2018). Furthermore, despite haematopoiesis takes place in different sites 

compared to mammals, genes and molecular mechanisms regulating this process are highly 

conserved (Potts and Bowman 2017). This knowledge led to the generation of several transgenic 

lines for specific blood populations, which allow an easy and rapid read-out of perturbation of 

haematopoietic processes and represent a powerful tool to study haematopoietic disorders. In 

particular, zebrafish is extensively used to study AML, both by employing mutant lines carrying 

AML-specific mutation or chromosomal rearrangements, such as AML1-ETO (Yeh et al. 2008), 

or by taking advantage of transgenic lines to assess the effect of dysregulation of specific genes, 
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such as nucleophosmin (NMP1) (Barbieri et al. 2016; Mazzola et al. 2019), on haematopoietic 

progenitor self-renewal and differentiation capability. In this regard, the Tg(CD41:GFP) line (Lin 

et al. 2005; Ma et al. 2011) is a useful tool to study HDAC8 activity in HSPCs and its implication 

with AML. 

Analogously to haematopoiesis, also myogenesis occurs in two waves in zebrafish. The primary 

myogenic wave takes place after somites formation and gives rise to a functional myotome by 24 

hpf; the secondary myogenesis occurs between 48 and 72 hpf and is characterized by 

differentiation of secondary muscle fibers (Rossi and Messina 2014). Despite some differences, 

such as the stage of skeletal muscle commitment and existence of a myogenic presomitic cell 

population (known as adaxial cells) in zebrafish (Stickney, Barresi, and Devoto 2000), molecular 

basis underlying skeletal muscle development are well conserved between zebrafish and 

mammals. These includes, for example, Myf5 and MyoD transcription factors (Rescan 2001). 

Importantly, studies demonstrated that zebrafish is a useful system to model DMD. In fact, by 

either generation of mutant lines (Bassett et al. 2003; Jeffrey R. Guyon et al. 2009), or by 

morpholino injection (J. R. Guyon et al. 2003), it is possible to obtain a sever DMD phenotype 

which better recapitulates human DMD phenotype than Mdx mouse (Maves 2014). Therefore, 

zebrafish represents a suitable model to study HDAC8 role in skeletal muscle development and its 

possible involvement in DMD. 

Zebrafish is a widely adopted tool to study neurogenesis, as its neurons show a degree of 

proliferation potentially higher than mammals during adulthood (Schmidt, Strähle, and Scholpp 

2013). Zebrafish embryonic neurogenesis begins as soon as gastrulation occurs and is regulated 

by factors and signaling pathways which are highly conserved in higher vertebrates. Some 

examples are Fgf and Wnt signaling (Schmidt, Strähle, and Scholpp 2013). Noticeably, the 

canonical Wnt signaling, in addition to neurogenesis (Zwamborn et al. 2018), is involved in 

skeletal muscle development (Rudnicki and Williams 2015), HSC self-renewal (Richter, Traver, 

and Willert 2017) and AML (Gruszka, Valli, and Alcalay 2019) and was demonstrated to be 
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modulated by HDAC8 (Tian et al. 2015). Indeed, zebrafish is widely adopted to study the 

canonical Wnt signaling (Dorsky, Sheldahl, and Moon 2002; Pistocchi et al. 2013; Barbieri et al. 

2016; Mazzola et al. 2019). Thus, it represents a suitable model to investigate HDAC8 role in the 

aforementioned processes.
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2. AIM 

Pan-HDACi are rapidly gaining interest for the treatment of diverse diseases, such as cancer. 

However, the use of pan-HDACi is still hampered by low specificity and safety issues, as several 

side effects are associated with them. More effective therapies which circumvent the adverse 

effects of pan-HDACi treatment might be developed by pharmacologically targeting single 

HDACs with their own activity. Since HDAC8 possesses a unique structure among HDACs it is 

possible to develop highly specific inhibitors, such as the PCI-34051. A more extensive knowledge 

of HDAC8 physiological function and involvement in diseases would make it possible to employ 

such specific inhibitors in order to improve the outcome of therapy for disorders involving HDAC8 

dysregulation. On this basis, the aim of this thesis is to study more in depth HDAC8 physiological 

and pathological functions and to evaluate its inhibition by the highly selective inhibitor PCI-

34051 by using both cell lines and the zebrafish (Danio rerio) model. Since HDAC8 is strictly 

associated to the cohesin complex, another objective of this thesis is to indirectly validate and 

expand our findings on HDAC8 function by assessing the role of another modulator of the cohesin 

complex: NIPBL.
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3. RESULTS: PUBLISHED PAPERS 

3.1 Modeling Cornelia de Lange syndrome in vitro and in vivo reveals 

a role for cohesin complex in neuronal survival and differentiation 

Cornelia de Lange syndrome (CdLS) is a multiorgan disorder which is associated to mutation in 

gene encoding for cohesin complex proteins, including HDAC8 loss-of-function mutations. A 

typical feature of CdLS is a severe intellectual disability, likely due to defects of central nervous 

system development. To assess the effect of HDAC8 deficiency in nervous system, in this work 

we downregulated the expression of HDAC8 in neural stem cells (NSCs) and evaluated their 

proliferation and differentiation capability. In parallel, we assessed the impact of HDAC8 

deficiency on nervous system development also in vivo performing hdac8 knockdown in the 

zebrafish model. 
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3.2 HDAC8 regulates canonical Wnt pathway to promote 

differentiation in skeletal muscle 

In our previous work we identified defects of tail structure in zebrafish embryos following hdac8 

knockdown. Indeed, such alterations might be due not only to the reported impairment of CNS 

development, but also to defects in other tissues, such as skeletal muscle. Since we observed hdac8 

expression in zebrafish muscle tissue, we sought to assess a possible involvement of HDAC8 in 

the development of skeletal muscle tissue. To test this hypothesis, in this work we characterized 

HDAC8 expression in the skeletal muscle tissue and assessed the effect of its inhibition by PCI on 

skeletal muscle development using both in vivo (zebrafish) and in vitro (C2C12 immortalized 

murine myoblasts) models.  
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3.3 HDAC8: a promising therapeutic target for acute myeloid 

leukemia 

Previous works reported HDAC8 overexpression in CD34+ haematopoietic stem cells (HSC) from 

AML patients and indicated that HDAC8 modulation of p53 activity is crucial in promoting 

survival of both healthy and leukemic HSCs. Moreover, HDAC8 inhibition was shown to be 

particularly effective in abrogating leukemic HSC survival in a subset of AML patients carrying 

the inversion of chromosome 16 (inv(16)). These data suggested that HDAC8 may sustain AML 

progression and that its inhibition could be a potential treatment for this malignancy. To test this 

hypothesis, in this paper we took advantage of the zebrafish model in order to evaluate the 

haematopoietic phenotype following hdac8 overexpression. We also evaluated the feasibility of 

HDAC8 inhibition as a pharmacological approach for AML both in hdac8-overexpressing 

zebrafish and in AML cell lines. 
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4. RESULTS: SUBMITTED PAPERS 

4.1 Targeting HDAC8 to ameliorate skeletal muscle differentiation in 

Duchenne muscular dystrophy 

HDAC inhibitors (HDACi) are currently under study as a possible therapeutic approach for 

Duchenne muscular dystrophy (DMD) and pan-HDACi Givinostat is currently under phase III 

clinical trial. However, HDACi use is still hampered by several side effects associated with them. 

As we observed HDAC8 involvement in skeletal muscle development, in this work we sought to 

investigate its possible involvement in DMD and its inhibition as a possible therapeutic approach. 

Also, we performed acetylome profiling to identify new HDAC8 substrates. 
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ABSTRACT 

Duchenne muscular dystrophy (DMD) causes progressive skeletal muscle degeneration and 

currently lacks an effective therapeutic treatment. Histone deacetylases (HDACs) play key roles 

in myogenesis and the therapeutic approach targeting HDACs in DMD is presently used although 

limited by adverse reactions. The unique structure of HDAC8 allows the development of highly 

specific inhibitors that might increase the effectiveness and reduce the side effect of pan-HDACs 

inhibitors. Here, we showed that the expression of HDAC8 was increased in DMD patients and 

zebrafish, and that the treatment with the HDAC8 inhibitor PCI-34051 rescued skeletal muscle 

defects in both human DMD myoblasts and zebrafish embryos. Through acetylation profile of 

zebrafish with HDAC8 dysregulation, we identified new HDAC8 targets involved in cytoskeleton 

organization such as tubulin that, when acetylated, is a marker of stable microtubules. Together, 

our results demonstrated that the specific HDAC8 inhibition is efficient in the rescue of damaged 

skeletal muscle both in vitro and in vivo. Since HDAC8 inhibitors are currently under study for 

cancer treatment, they might be rapidly introduced for the treatment of DMD patients.  
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INTRODUCTION 

Duchenne muscular dystrophy (DMD) is a severe X linked disorder generated by mutations in the 

DMD gene, encoding for dystrophin, [1] that causes rapid degeneration of heart and skeletal 

muscle, eventually leading to respiratory or hearth failure and consequent death [2]. In the last 

years, advancement in medical management and therapies have improved quality and life 

expectancy of DMD patients who can now live to experience their 40th birthday and beyond [3]. 

However, a cure is still not available and the standard of care for DMD patients is represented by 

corticosteroids treatment, which efficiently delays the progression of the pathology but shows 

differences in responsiveness among patients and causes several side effects such as weight gain, 

osteoporosis and Cushingoid appearance [4]. Therefore, there is a compelling need to find more 

efficacious and safer therapies. 

Histone deacetylases (HDACs) are a large family of enzymes involved in several cellular 

processes, as they are responsible for the removal of acetyl moieties from lysines on both histone 

and non-histone proteins. Studies have revealed a crucial role for HDACs in the epigenetic 

regulation of myogenesis [5] and their inhibition has been proven to favour myoblasts fusion and 

myogenic differentiation [6,7]. These findings led to an increasing interest in using HDAC 

inhibitors (HDACi) for the treatment of skeletal muscle disorders, including DMD. Pan-HDACi 

have already been demonstrated to display effectiveness in the treatment of dystrophies in vivo [8–

10] and Givinostat is currently in Phase III clinical trial. In comparison to other HDACi, which 

use is still hampered due to their side effects [11], phase II clinical trial (NCT01761292) 

demonstrated that Givinostat is well tolerated by DMD patients, presenting mild adverse events. 

Nevertheless, the use of more specific HDACi instead of pan-HDACi may improve current 

therapeutic strategy. For instance, HDAC8 possesses a unique structure among HDACs, as the C-

terminal (aa 50–111) protein-binding domain is not present and the L1 loop in the proximity of 

the active site is particularly flexible and capable to accommodate different substrates trough 

conformational changes [12]. This distinctive structure allowed the development of high specific 
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HDAC8 inhibitors (such as the PCI-34051 and meta-sulfamoyl N-hydroxybenzamides) [13,14], 

which are already being studied as a therapeutic approach for a broad range of human diseases, 

such as acute myeloid leukemia (AML) [15], breast cancer [16], malignant peripheral nerve sheath 

tumour (MPNST) [17], T-cell lymphoma [13] and nonalcoholic fatty liver disease (NAFLD) 

associated hepatocellular carcinoma (HCC) [18].  

HDAC8 involvement in muscle tissues dynamics has already been reported in smooth muscle 

tissue, as it binds to smooth muscle α-actin (α-SMA) and regulates contraction through acetylation 

of cortactin [19,20]. Moreover, we recently demonstrated that HDAC8 is also involved in the 

development of skeletal muscle both in vitro and in vivo, suggesting that HDAC8 modulation 

might be a possible pharmacological approach in the treatment of skeletal muscle diseases [21]. In 

this work we sought to investigate the potential of HDAC8 inhibition by PCI-34051 as a treatment 

for DMD both in vitro, in myotubes cultures from DMD patients, and in vivo, in a zebrafish DMD 

model. In both models we observed a higher expression of HDAC8 compared to controls and we 

demonstrated that the PCI-34051-mediated HDAC8 inhibition rescued the DMD phenotype. 

Moreover, through comparison of acetylome profiles of zebrafish embryos with normal or 

pharmacological inhibited HDAC8 activity, we identified new HDAC8 targets involved in skeletal 

muscle dynamics, such as tubulins and skeletal muscle actin-α1. We also demonstrated that 

HDAC8 inhibition increased α-tubulin acetylation levels in dystrophic zebrafish and rescued 

cytoskeleton organization in myotubes derived from DMD patients. 

Our results suggest that HDAC8 specific inhibition could represent a promising approach for the 

treatment of DMD patients. 

 

MATERIALS AND METHODS 

Zebrafish embryo maintenance 

Zebrafish (Danio rerio) AB strains were maintained under standard conditions at the zebrafish fish 

facility of the University of Milan, Via Celoria 26 - 20133 Milan, Italy (Aut. Prot, n. 295/2012-A 
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- 20/12/2012). Zebrafish embryos were raised and maintained according to international (EU 

Directive 2010/63/EU) and national guidelines (Italian decree No 26 of the 4th of March 2014). 

Embryos were collected by natural spawning, staged according to Kimmel and colleagues [22] 

and raised at 28°C in fish water (Instant Ocean, 0.1% Methylene Blue) in Petri dishes, according 

to established techniques. We express the embryonic ages in hours post fertilization (hpf) and days 

post fertilization (dpf). After 24 hpf, to prevent pigmentation, 0.003% 1-phenyl-2-thiourea (PTU, 

Sigma-Aldrich, St. Louis, Missouri, US) was added to the fish water. Embryos were washed, 

dechorionated and anaesthetized with 0.016% tricaine (Ethyl 3-aminobenzoate methanesulfonate 

salt, Sigma-Aldrich) before proceeding with experimental protocols. 

 

Microinjections and HDACi treatment 

Morpholino (MO, GeneTools LLC, Oregon, USA) and zebrafish hdac8 full-length mRNA 

injections were carried out on 1- to 2-cells stage embryos. dmd-MOs were used as described in 

[23]: dmd-MO1 5’-TTGAGTCCTTTAATCCTACAATTTT-3’; dmd-MO6 5’-

GCCATGACATAAGATCCAAGCCAAC-3’. MOs were co-injected at the concentration of 0.6 

(dmd-MO1) and 1 (dmd-MO6) pmol/embryo, as described by [10], in 1X Danieau buffer (pH = 

7.6). A standard control morpholino (ctrl-MO) was injected in parallel. Zebrafish hdac8 full-length 

mRNA was injected at the concentration of 500 pg/embryo. 

For PCI-34051 (PCI) and Givinostat (Sigma-Aldrich) treatment, 24 hpf embryos were put in 24-

wells plate, 15 embryos/well, and PCI or Givinostat was added to fish water at the concentration 

of 37.5 μM. After 24 hours, fish water was changed, fresh PCI or Givinostat was added at the 

concentration of 12.5 μM and embryos were raised until they reached the 72 hpf stage. Embryos 

were kept at 28°C in the dark for the whole duration of the treatment. Equal concentrations of 

DMSO were used as a control. 

 

Cell culture 
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Patient specimens were collected from the Muscle Cell Biobank present at the Foundation IRCCS 

Neurological Institute Carlo Besta. Written, informed consent was obtained from the subjects or 

their parents/legal guardians. Control muscle cell cultures derived from healthy patients but who 

had normal muscle on biopsies and no DMD mutations. Primary myoblasts were developed 

directly from biopsied material by culturing in Dulbecco's modified Eagle’s medium (DMEM; 

Lonza Group Ltd, Basel, Switzerland) containing 20% heat-inactivated calf bovine serum (CBS) 

(Gibco Life Technologies), 1% penicillin-streptomycin (Lonza), L-glutamine (Lonza), 10 μg/ml 

insulin (Sigma Aldrich, St. Louis, MO), 2.5 ng/ml basic fibroblast growth factor (bFGF) (Gibco 

Life Technologies), and 10 ng/ml epidermal growth factor (EGF) (Gibco). The medium was 

changed twice weekly and the cultures examined by inverted-phase microscopy. At 70% 

confluence they were dissociated enzymatically with trypsin-EDTA (Sigma) and seeded for 

immediate propagation. In order to obtain myotubes, the myoblasts were seeded into 35 mm dishes 

in DMEM proliferating medium. At 70% confluence, proliferating medium was changed to 

differentiating medium (DMEM, 1% penicillin-streptomycin, L-glutamine and insulin, without 

FCS or growth factors) and the myoblasts were allowed to differentiate into myotubes up to 10 

days [24]. 

 

PCI treatment 

DMD- and control-derived myotubes were treated with 10 µM PCI or DMSO, the latter used as 

negative control. Treatment with both, PCI and DMSO, was made after inducing differentiation, 

starting from the day two (MT2 stage). Every 48 hours, fresh PCI or DMSO was added to the 

culture medium until the cells reached the day ten (MT10 stage).  

 

Immunofluorescence and fusion index  

Cells were seeded at 25,000 cells/cm2, in triplicate wells for fusion index determination. Once the 

myoblast reached 90% confluence, they were treated with differentiation medium. Cells were fixed 
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with 4% paraformaldehyde, stained with Alexa-Fluor 488 phalloidin (1:10; Life Technologies) for 

40 minutes, and DAPI (1:10000; Life Technologies) for 10 minutes.  

Fusion index is defined as the number of nuclei in myotubes expressing myosin heavy chain 

divided by the total number of nuclei in a field, and was used to assess myoblast differentiation 

efficacy. 

Primitive myotubes with 3–4 myonuclei and mature myotubes with ≥5 myonuclei were quantified. 

For the fusion index of treated and not treated myotubes, 3 biological replicates were performed.  

Myonuclei were counted on images taken at 40X under a Zeiss Axioplan2 microscope, by the use 

of Microscope Software AxioVision Release 4.8.2 (Zeiss, Oberkochen, Germany). 

 

Confocal microscopy and Fiji analyses 

Control and DMD myotubes, treated or not with PCI, were investigated after performing the 

Alexa-Fluor 488 phalloidin staining. The microtubule structure around the multinucleated portion 

was examined on images taken at 63X under a Leica SP8 microscope (Leica). The maximum 

average width of segment presenting ≥5 myonuclei was measured by NIH Fiji software in 3 

biological replicates. 

 

Reverse transcription and real-time quantitative PCR 

Total RNA was extracted from cells or tails of zebrafish embryos at 3 dpf by using NucleoZOL 

reagent (Macherey-Nagel, Düren, Germany), according to the manufacturer’s instructions. 

Concentration and purity of RNA were measured using the Nanodrop spectrophotometer 

(ThermoFisher Scientific, Waltham, Massachusetts, US). DNase reaction was performed on 1 µg 

of RNA using RQ1 RNase-free DNase (Promega, Madison, Wisconsin, USA) and then cDNA was 

synthetized with the GoScript Reverse Transcription Kit (Promega), according to the 

manufacturer’s instructions. qPCR analyses were performed with the GoTaq qPCR Master Mix 

(Promega) on the BioRad iQ5 Real Time Detection System (Biorad, Hercules, California, US). 
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The calculation of gene expression was based on the ΔΔCt method. GAPDH and rpl8 were used 

as the internal control in qPCR on human cells and zebrafish cDNAs, respectively. Primer 

sequences are list in Supplementary Table 1. 

 

Western blot 

Total proteins from human cells were extracted in lysis buffer (7M urea, 2M thiourea, 4% CHAPS, 

30mM Tris, 1mM PMSF) with the addition of protease inhibitor cocktail (Roche). Lysates were 

sonicated at 20 Hz, kept on ice for 15 min and then centrifuged 15 min at 16.000 g at 4°C. The 

supernatant was recovered and quantified by using the 2-D Quant Kit (GE Healthcare, Life 

Sciences). Total proteins were extracted with Laemmli buffer from at least 40 zebrafish embryo 

tails at 3 dpf, with the addition of protease inhibitor cocktail (Roche), 1µl/tail. Lysates were 

incubated 3 min at 95°C and 2 min at 4°C, followed by disaggregation by using insulin syringe. 

Incubation and disaggregation were repeated twice and then lysates were centrifuged 10 min at 

16.000 g at 4°C. The supernatant was recovered and extracts were quantified by using the Quantum 

Micro protein Assay (EuroClone). 40 µg of proteins were loaded in a 10% 

acrylamide/polyacrilammide gel and subjected to electrophoresis. Proteins were transferred onto 

polyvinylidene fluoride (PVDF) membranes that were incubated with blocking solution (5% 

skimmed powder milk in TBS containing 0.1% TWEEN-20) for 1h at room temperature before 

overnight incubation at 4°C with primary antibodies diluted in blocking solution. Membranes were 

then incubated 1h at room temperature with HRP-conjugated secondary antibodies diluted in 

blocking solution. Protein bands were detected by using WESTAR ECL detection system 

(Cyanagen, Bologna, Italy). Images were acquired with the Alliance MINI HD9 AUTO Western 

Blot Imaging System (UVItec Limited, Cambridge, UK) and analysed with the related software. 

Vinculin was used as the internal control in determining HDAC8 levels. Primary antibodies were 

rabbit anti-HDAC8 (1:500, Santa Cruz Biotechnology, Dallas, Texas, US), rabbit anti-total tubulin 

(1:1000, Cell Signaling), mouse anti-acetylated tubulin (1:1000, Merck), and mouse anti-vinculin 
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(1:6000, Sigma Aldrich). Secondary antibodies were HRP-conjugated goat anti-rabbit (1:5000, 

Cell Signalling Technologies, Danvers, Massachusetts, US) and HRP-conjugated horse anti-

mouse (1:4000, Cell Signalling Technologies). 

 

Acetylome analysis 

Total protein from at least 100 zebrafish embryos tails at 3 dpf were extracted in lysis buffer (7M 

urea, 2M thiourea, 4% CHAPS, 30mM Tris, 1mM PMSF) with the addition of protease inhibitor 

cocktail (Roche) and 20 mM deacetylation inhibition cocktail (Santa Cruz Biotechnology), 1 

µl/tail. Lysates were sonicated at 20 Hz and centrifuged 15 min at 16.000 g at 4°C. The supernatant 

was recovered and quantified by using the 2-D Quant Kit (GE Healthcare).  

2-D immunoblotting was carried out by subjecting each sample (120 µg) to isoelectrofocusing in 

triplicate on 13 cm, 3–10 pH-gradient IPG strips (GE Healthcare), with a voltage gradient ranging 

from 200 to 8000 V, for a total of 55000 Vh, using an IPGphor electrophoresis unit (GE 

Healthcare). After focusing, proteins were reduced and alkylated. The second dimension was 

carried out in 14x15 cm2, 12% polyacrylamide gels at 20 °C. After transfer, PVDF membranes 

were stained with SYPRO Ruby Protein Blot Stain (ThermoFisher Scientific) for total protein 

content quantitation, then blots were incubated with a 1:1 mixture of rabbit anti-Acetylated-Lysine 

(Ac-K2-100) 1:1000 (Cell Signaling Technology, #9814) and anti-Acetylated-Lysine 1:1000 (Cell 

Signaling Technology, #9441) primary antibodies. After washing, membranes were incubated 

with anti-rabbit HRP-conjugated (GE Healthcare) secondary antibody (1:10000). Signals were 

visualized by chemiluminescence using the ECL Prime (GE Healthcare) detection kit and the 

Image Quant LAS 4000 (GE Healthcare) analysis system. Spot quantification was performed using 

the Image Quant TL (Molecular Dynamics) software. Acetylated spot intensity was normalised 

against the corresponding spot in the total stain image and the ratio of PCI sample intensities over 

controls was calculated. Only spots with intensity ratios above 1 showed increased acetylation 

levels.  
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To identify proteins, three 18 cm, 3–10 pH-gradient IPG strips were loaded with 200 µg protein 

extract per strip; electrophoretic conditions were the same as 2-D immunoblotting. Semi-

preparative gels were stained with a total-protein fluorescent stain (Krypton, ThermoFisher 

Scientific). Image acquisition was performed using a Typhoon 9200 laser scanner. Spots of interest 

were excised from gel using the Ettan spot picker robotic system (GE Healthcare), destained in 

50% methanol/50 mM ammonium bicarbonate (AMBIC) and incubated with 30 µl of 6 ng/ml 

trypsin (Promega) dissolved in 10 mM AMBIC for 16 hours at 37 °C. Released peptides were 

subjected to reverse phase chromatography (Zip-Tip C18 micro, Millipore), eluted with 50% 

acetonitrile/0,1% trifluoroacetic acid. Peptides mixture (1 µl) was diluted in an equal volume of 

10 mg/ml α-cyano-4-hydroxycinnamic acid matrix dissolved in 70% acetonitrile/30% citric acid 

and processed on a Ultraflex III MALDI-ToF/ToF (Bruker Daltonics) mass spectrometer. Mass 

spectrometry was performed at an accelerating voltage of 20 kV and spectra were externally 

calibrated using Peptide Mix calibration mixture (Bruker Daltonics); 1000 laser shots were taken 

per spectrum. Spectra were processed by FlexAnalysis software v. 3.0 (Bruker Daltonics) setting 

the signal to noise threshold value to 6 and search was carried out by correlation of uninterpreted 

spectra to Danio rerio entries in NCBIprot database. The significance threshold was set at a p-

value < 0.05. No mass and pI constraints were applied and trypsin was set as enzyme. One missed 

cleavage per peptide was allowed and carbamidomethylation was set as fixed modification while 

methionine oxidation as variable modification. Mass tolerance was set at 30 ppm for MS spectra. 

To confirm protein identification, an MS/MS spectrum was collected by Ultraflex III MALDI-

ToF/ToF (Bruker Daltonics) mass spectrometer, as acceptance criterium. Spectra were searched 

against the database using BioTools v. 3.2 (Bruker Daltonics) interfaced to the on-line MASCOT 

software, which utilizes a robust probabilistic scoring algorithm. The significance threshold was 

set at a p-value < 0.05. One missed cleavage per peptide was allowed and carbamidomethylation 

was set as fixed modification while methionine oxidation as variable modification. Mass tolerance 

was set at 30 ppm and 0.5 Da for peptide and MS/MS fragment ion respectively. 
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Muscle lesions imaging 

Muscle lesions in zebrafish embryos were assessed by birefringence as described by [25]. Images 

of embryos and sections were acquired using a microscope equipped with a digital camera with 

LAS Leica Imaging software (Leica, Wetzlar, Germany). Images were processed using Adobe 

Photoshop software.  

 

Statistical analysis 

Each experiment was performed at least three times. Histograms represent the mean value and bars 

indicate standard deviation. Statistical significance was determined by Student’s t test when 

comparing two groups and by One-way ANOVA followed by Tukey post-hoc correction when 

comparing more than two groups. Data were considered significant if p<0.05. 

 

RESULTS 

HDAC8 expression is increased in DMD and its inhibition ameliorates DMD phenotype 

Inhibition of HDACs has been proven to be efficient in the treatment of DMD [8–10]. However, 

the use of more specific HDACi could offer new possibilities in DMD treatment. As HDAC8 

presents a peculiar structure that allows the development of more specific and selective inhibitors 

compared to the other HDACs, we investigated its expression in the context of DMD. We assessed 

HDAC8 expression in myoblasts and myotubes from DMD patients and controls. HDAC8 

expression was evaluated by means of RT-qPCR at different stages of differentiation: 

undifferentiated myoblasts (MB) and myotubes at 2 days (MT2) and 7 days (MT7) of 

differentiation. The analysis revealed a significantly higher expression of HDAC8 during the 

differentiation of DMD-myoblast cells compared to those of controls at all the developmental 

stages considered (Figure 1A). Then, to evaluate whether HDAC8 inhibition could rescue the 

DMD phenotype, we assessed the efficiency of the highly-specific HDAC8 inhibitor PCI-34051 
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[13]. We treated DMD myotubes with 10 µM PCI from the second day after differentiation 

induction (MT2), until the day ten (MT10). To evaluate the degree of cell differentiation, we 

performed immunofluorescence experiments assessing both the expression of myosins and the 

fusion index of the cultured myotubes. Cell morphology was determined by phalloidin staining 

(green) whereas anti-myosin antibody (red) and DAPI (blue) were used to visualise sarcomeric 

myosin and nuclei, respectively. Immunofluorescence analysis revealed an increase of myosin 

content in DMD patients-derived myotubes following PCI treatment, compared to DMSO-treated 

cells (Figure 1B). As a further evidence of enhanced myogenic differentiation of cells, DMD 

myotubes from all three patients showed a significant increase (p<0.05 in patients 1 and 3, p<0.01 

in patient 2) of the fusion index following PCI treatment (Figure 1C). These results were also 

confirmed by quantification of myosin expression in myotubes by RT-qPCR analysis. Expression 

levels of myosins were significantly lower (p<0.001) in untreated DMD myotubes in comparison 

to myotubes derived from controls and were recovered, although not completely, following PCI 

treatment (p<0.01) (Figure 1D).  

In parallel, we also investigated Hdac8 expression in vivo, in a zebrafish DMD model. Zebrafish 

embryos were co-injected with two dmd-MOs as previously described [10] and Hdac8 levels were 

assessed at the stage of 48 hpf by RT-qPCR and at 72 hpf by Western blot analyses. We observed 

an increase of both Hdac8 mRNA (Figure 1E) and protein levels (Figure 1F) in dmd-MO injected 

embryos, compared to control embryos. To evaluate the efficiency of HDAC8 inhibition in vivo, 

we treated dmd-MO injected zebrafish embryos with PCI from the stage of 24 hpf, when the first 

myogenic wave is already completed [26], and assessed the extent of muscles lesions by 

birefringence at the stage of 3 dpf [25]. The lesions presented by untreated dmd-MO injected 

embryos were partially rescued by PCI treatment. Interestingly, the extent of the rescue was 

comparable to muscle lesions recovery observed in zebrafish embryos treated with pan-HDACi 

Givinostat, currently in phase III clinical trial for DMD treatment (Figure 1G). To further support 

this result, we quantified expression levels of mylz2 (fast fiber myosin) by RT-qPCR and we 
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observed a rescue of mylz2 mRNA in dmd-MO injected embryos following PCI treatment. This 

rescue was comparable to the one determined by Givinostat treatment (Figure 1H). 

Taken together, these results confirm an upregulation of HDAC8 expression in the DMD 

phenotype, thus supporting the hypothesis of its involvement in the pathology, and suggest that 

PCI-mediated HDAC8 inhibition represents a valuable approach in treating DMD phenotype.  

 

 
 

Figure 1. (A) RT-qPCR analysis of HDAC8 expression in DMD patients- and controls-derived 

myoblasts (MB) and myotubes at 2 (MT2) and 7 days (MT7) of differentiation. (B) Myosins (red), 

DAPI (blue) and phalloidin (green) staining of DMD-derived myotubes untreated or treated with 

PCI. Scale bar = 20 μm. (C) Fusion index of three DMD-derived myotubes untreated or treated 

with PCI. (D) RT-qPCR analysis of myosin expression in myotubes from controls, DMD and 

DMD+PCI patients. (E) RT-qPCR analysis of hdac8 expression in dmd-MO and control zebrafish 

embryos. (F) Western blot analysis of Hdac8 expression in dmd-MO and control zebrafish 
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embryos. (G) Skeletal muscle lesions imaging by birefringence in control, dmd-MO, dmd-MO 

injected and PCI- or Givinostat-treated zebrafish embryos at 72 hpf. Scale bar = 100 μm. (H) RT-

qPCR quantification of fast-myosin mylz2 expression in control, dmd-MO injected and dmd-MO 

injected DMSO-, PCI- or Givinostat-treated zebrafish embryos. * p<0.05, ** p<0.01, ***p<0.001. 

 

 

HDAC8 targets proteins involved with cytoskeleton organization and skeletal muscle 

dynamic 

To gain more insight into how HDAC8 is involved in skeletal muscle differentiation and function, 

we compared global acetylation changes in control and PCI treated zebrafish embryos. In order to 

enrich skeletal muscle tissue proteins, the analysis was performed only with tails of zebrafish 

embryos at 3 dpf. We performed 2D-electrophoresis and then membranes were incubated with an 

anti-acetylated lysins antibody cocktail to visualize acetylated proteins (Figure 2A). Next, 

differentially acetylated peptides were identified by mass spectrometry (MS). Several cytoskeleton 

proteins differently acetylated in PCI-treated embryos, in comparison to untreated, were identified: 

four proteoforms of Krt4 protein (krt4, AAH66728.1); Type I cytokeratin enveloping layer (cyt1, 

AAH65653.1); Tubulin α chain (tuba2, AAH60904.1); Tubulin β chain (tubb4b, AAQ97859.1); 

Actin α1 skeletal muscle (actc1b, AAH45406.1); Vitellogenin 5 (vtg5, AAW56969.1); Vtg1 

protein (vtg1, AAH94995.1) (Figure 2B).  
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Figure 2. HDAC8 targets identification. (A) 2D-immunoblotting representative close-ups of 

acetylated protein extracted from the tails of control and PCI-treated zebrafish embryos at 3 dpf. 

(B) Histograms showing increasing acetylation levels of identified proteins in PCI-treated embryos 

compared to control.  

 

HDAC8 inhibition impacts on microtubule architecture in DMD 

Our acetylome analysis identified tubulin as HDAC8 target. Since it has been reported that 

microtubule organization is severely impaired in DMD [27], we decided to deepen HDAC8 

correlation with microtubule structure. First, to confirm that HDAC8 overexpression can modify 

α-tubulin acetylation status, we decided to analyse acetylome profile also in hdac8 overexpressing 



84 
 

embryos. To analyse whether increased HDAC8 overexpression could modify the acetylation 

status of zebrafish proteins even in absence of the DMD phenotype, we injected embryos with full-

length zebrafish hdac8 mRNA (500 pg/embryo) and acetylome profile was assessed by 2-D 

electrophoresis. Comparison with 2-D electrophoresis from hdac8 mRNA, control and PCI-treated 

embryos confirmed differential acetylation of two of the previously identified HDAC8 acetylation 

targets, tubulin-2 and krt4 protein (Figure 3A).  

We next assessed α-tubulin acetylation levels in dmd-MO injected embryos. By Western blot 

analysis we observed a reduction of acetylated-tubulin in dmd-MO injected embryos, compared to 

controls while PCI treatment partially rescued α-tubulin acetylation status (Figure 3B). The 

acetylation levels of krt4 cannot be assessed due to the lack of an antibody for the acetylated form 

of this protein. 

The evidence of α-tubulin acetylation regulation by HDAC8 prompted us to investigate whether 

HDAC8 inhibition could have an effect on cytoskeleton. To this aim, we decided to evaluate 

microtubules architecture in myoblasts from DMD human patients and in those treated with PCI. 

Phalloidin staining [28] revealed a significant increase in maximum average width in DMD 

myotubes, compared to controls (DMD myotubes: 32.21 ± 1.370, vs Ctrl myotubes: 13.06 ± 

0.6937, p < 0.0001), and to DMD myotubes treated with PCI (DMD myotubes: 32.21 ± 1.370, vs 

DMD myotubes treated with PCI: 18.06 ± 1.983, p < 0.0001). The HDAC8 inhibition rescued the 

cytoskeleton organization of DMD myotubes although not fully recovering the maximum average 

width of controls (DMD myotubes treated with PCI: 18.06 ± 1.983, vs Ctrl myotubes: 13.06 ± 

0.6937, p= 0.0223) (Figure 3C-D). 
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Figure 3. HDAC8 and cytoskeleton architecture. (A) 2D-immunoblotting of protein extracted 

from the tails of hdac8-injected, control, and PCI-treated zebrafish embryos at 3 dpf. (B) Western 

blot analysis of α-tubulin acetylation in control, dmd-MO and dmd-MO/PCI-treated zebrafish 

embryos at 3 dpf. (C) Illustrative images taken at 63X of human control and DMD myotubes, 

treated or not treated with PCI. Scale bar = 30 µm. (D) Graph reporting the maximum average 

width measures *p<0.05, ***p<0.001, n.s. = not significant. 
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DISCUSSION 

Pharmacological treatment of muscular dystrophies is rapidly obtaining interest as an immediate 

and more efficient approach than gene and cell therapy-based strategies, which are still hindered 

by several hurdles [29]. In particular, HDACi are a class of drugs which have been shown to 

display a very promising efficiency in the treatment of DMD phenotype. However, pan-HDACi 

treatment is associated with several side effects, ranging from nausea and thrombocytopenia to 

more severe events, such as cardiac and metabolic disfunctions [11]. Indeed, pan-HDACi 

Givinostat was demonstrated to be safer and better tolerated by DMD patients, in comparison to 

other pan-HDACi, thus receiving approval for phase III clinical trial. Nevertheless, the use of 

isoform-specific HDACi could offer an alternative therapeutical strategy for DMD treatment. Such 

an approach would require an extensive knowledge of the role of individual HDAC isoforms in 

skeletal muscle and their possible implication in DMD progression. By using both in vitro (human 

myotubes) and in vivo (zebrafish embryos) DMD models, we demonstrated a possible involvement 

of HDAC8 in DMD pathogenesis. First, we highlighted an increased HDAC8 expression in DMD 

patient-derived myotubes and dmd-MO injected zebrafish embryos. To our knowledge, this is the 

first evidence of HDAC8 overexpression in DMD, both in human and in the zebrafish model. In 

this regard, a previous study indicated a higher activity of class I HDACs in muscles from 

dystrophin-deficient Mdx mice, but only HDAC2 was found to be more expressed compared to 

wild-type mice [9]. This discrepancy might be due to the differences between mouse and humans. 

Indeed, Mdx mouse is known to develop a milder DMD phenotype, compared to human and 

zebrafish DMD models [30].  

Studies have revealed that HDAC8 possess a peculiar structure [12], which allows development 

of high specific inhibitors. Such a possibility makes HDAC8 specific inhibition a new potential 

therapeutic approach for DMD. To test this hypothesis, we assessed the effect of HDAC8 blocking 

by using the highly specific HDAC8-inhibitor PCI-34051 [13]. Following PCI treatment, we 

observed a rescue of DMD phenotype, in terms of increased fusion index in human myoblasts and 
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reduced lesion extent in zebrafish embryos. Also, in both DMD models PCI treatment rescued 

myosin expression to a level comparable to wild-type controls. These results are in accordance 

with previous works demonstrating that HDACi ameliorate the phenotype of DMD models by 

restoring morphology and promoting regeneration of skeletal muscle tissue [8–10,31]. Noticeably, 

PCI efficiency in vivo was comparable to the rescue determined by Givinostat treatment in dmd-

MO injected embryos. This is of great interest, as it indicates that inhibition of a single HDAC 

isoform might be per se sufficient to determine an amelioration of DMD phenotype, thereby 

sustaining the use of highly specific HDACi as an alternative to pan-HDACi. Indeed, in addition 

to efficacy, safety of HDAC8 specific inhibitors requires evaluation as well and future studies will 

have to be addressed to this aim. 

Molecular mechanisms underlying HDAC8 inhibition efficacy could be multiple. We have 

recently described a mainly nuclear localization of HDAC8 in human skeletal muscle [21], which 

could imply an active role in transcription modulation. Indeed, by deacetylation of SMC3, HDAC8 

is known to modulate recycling of the cohesin complex [32], which has been recently proven to 

regulate chromatin accessibility at the Myogenin locus [33]. Moreover, several studies 

demonstrated that HDACs inhibition enhances the expression and the activity of factors promoting 

skeletal muscle differentiation, myogenesis and regeneration, such as MyoD and follistatin 

[6,7,34,35]. Moreover, by acetylome profiling we identified cytoskeleton proteins as HDAC8 

targets such as tubulin-α2 and β2. This result is supported by a recent work, in which Vanaja and 

colleagues demonstrated that HDAC8 deacetylates α-tubulin in different cervical cancer cell lines, 

with a predominant role in HeLa cells [36]. Alterations of microtubules have been reported in 

dystrophic mice [27] as a consequence of loss of dystrophin [37], and their destabilization has been 

shown to contribute to DMD progression by multiple mechanisms [38,39]. Interestingly, tubulin 

acetylation is considered a marker of stable microtubules, although it is still debated whether it 

contributes to or is a consequence of microtubule stabilization [40]. Thus, the regulation of 

microtubule dynamics by modulating tubulin acetylation could represent an interesting approach 
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to DMD treatment. Moreover, previous studies indicated that α-tubulin acetylation is increased at 

a late stage of myogenesis, thus suggesting this modification to be a crucial event during terminal 

differentiation of skeletal muscle cells [41,42]. Notably, tubulin post-translational modifications 

have already been demonstrated to influence skeletal muscle development, as inhibition of tubulin 

detyrosination affects myoblasts differentiation and myotubes fusion [43]. Whether tubulin 

acetylation can affect muscle cell differentiation is not known but the possibility of promoting both 

renewal and stabilization of myofibers by inhibiting a single HDAC isoform would be very 

fascinating.  

As a further evidence of HDAC8 involvement in cytoskeleton function, we identified α1 skeletal 

muscle actin as a HDAC8 target by proteomic analyses in zebrafish embryos. Although co-

immunoprecipitation experiments already reported HDAC8 and actin to directly interact in smooth 

muscle tissue [19], our results are the first evidence of skeletal muscle actin deacetylation by 

HDAC8. Interestingly, Li and colleagues [20] demonstrated that HDAC8 activity on cortactin in 

smooth muscle tissue is crucial in contraction modulation. The precise effect of actin 

acetylation/deacetylation is not known, but our results open the interesting possibility that HDAC8 

might play a role in contraction modulation, opening new perspectives toward pharmacological 

approach for DMD patients. Although studies to unveil the precise mechanism of HDAC8 action 

in the skeletal muscle and in DMD pathogenesis and progression are needed, our work provides 

the first evidence of HDAC8 overexpression in DMD patients and zebrafish and support its 

specific inhibition as a new valuable therapeutic approach in the treatment of this pathology.  
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SUPPLEMENTARY TABLE 1 

Primers human  Sequence 5’- 3’  

GAPDH FW  CAACGACCACTTTGTCAAGC  

GAPDH REV  CTGTGAGGAGGGGAGATTCA  

HDAC8 FW  GGTGCATTCTTTGATTGAAGCA  

HDAC8 REV  AAGCATCAGTGTGGAAGGTG  

ALL-MYOSIN FW  TCGCCGGGATAGAAAACTACA  

ALL-MYOSIN REV  CAGTTCTGACTTCTGGGCCAC  

Primers zebrafish  Sequence 5’- 3’  

rpl8 FW  CTCCGTCTTCAAAGCCCATGT  

rpl8 REV  TCCTTCACGATCCCCTTGATG 

mylz2 FW CCACTCAGTGCGACAGGTT 

mylz2 REV AACATTGCCAGCCACATCT 
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4.2 The genome-wide impact of nipblb loss-of-function on zebrafish 

gene expression 

NIPBL is one of the most frequently mutated gene in CdLS patients. It is responsible for cohesin 

loading onto DNA and it is also involved in regulation of gene expression at genome-wide level. 

Since CdLS is characterized by several developmental alterations, in this study we performed 

RNA-seq analyses in zebrafish embryos at two different stages of development (24 hpf and 3 dpf) 

following nipblb knockdown in order to evaluate its impact on whole-genome gene expression. 
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5. DISCUSSION 

By epigenetic regulation of gene expression and protein modification through deacetylation, 

HDACs are involved in several biological processes. Therefore HDACs alteration is frequently 

associated with pathological conditions, in particular with cancer (Patra et al. 2019). In recent years 

HDAC inhibition has emerged as an attractive potential pharmacological approach for the 

treatment of different diseases. Indeed, studies showed that HDACi not only possess a promising 

anti-cancer activity (Ceccacci and Minucci 2016; Imai, Maru, and Tanaka 2016; Eckschlager et 

al. 2017) but also display therapeutic potential in the treatment of other pathological conditions, 

such as Duchenne muscular dystrophy (DMD) (Consalvi et al. 2011). However, their use is still 

hampered by variable efficacy and safety issues. In fact, many side effects are associated with 

HDACi, ranging from nausea, diarrhoea and thrombocytopenia to cardiac and metabolic disorders 

(Subramanian et al. 2010). These side effects are due to pan-HDAC inhibitory activity of these 

drugs, which lack specificity and inhibit multiple HDAC isoforms, thus affecting several 

biological processes. Inhibition of specific HDACs may improve the outcome of therapy in terms 

of both efficacy and safety. Such an approach would require both a better in-depth knowledge of 

specific HDAC involvement in cellular processes and availability of more selective HDACi. In 

this regard, HDAC8 represents an interesting target, as its peculiar structure among HDACs 

(Somoza et al. 2004) allowed the development of highly specific inhibitors, such as the PCI-34051 

(Balasubramanian et al. 2008). 

To examine in depth HDAC8 physiological and pathological roles, we analysed its function and 

the effect of its inhibition by using both in vitro (cell lines) and in vivo (zebrafish) models. In 

particular, we assessed HDAC8 dysregulation in association with HDAC8-related pathologies: 

acute myeloid leukaemia (AML), (Durst et al. 2003; Qi et al. 2015) Cornelia de Lange syndrome 
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(CdLS) (Deardorff, Bando, et al. 2012; Kaiser et al. 2014; Feng et al. 2014; X. Gao et al. 2018) 

and DMD insurgence. 

Since HDAC8 was overexpressed in haematopoietic stem cells from AML patients (Qi et al. 2015), 

we sought to evaluate in the zebrafish model the effect of hdac8 overexpression on haematopoietic 

stem and progenitor cells (HSPCs). Firstly, we checked the expression pattern of hdac8 gene in 

zebrafish; then, we assessed the haematopoietic phenotype by overexpression of hdac8 through 

the injection of hdac8 full-length mRNA in zebrafish embryos. Our results indicated an expansion 

of HSPCs following hdac8 mRNA injection. In particular, in accordance with previous works 

reporting HDAC8 to promote survival and proliferation of tumour cells (Wu et al. 2013; Qi et al. 

2015; Tian et al. 2015), HSPC expansion was underlined by increased proliferation of this cell 

population. Whether this increased self-renewal capability of HSPCs is accompanied by an 

impairment of differentiation is currently unknown. To note, by using a Hdac8 conditional knock-

out mouse model Hua and colleagues demonstrated that HDAC8 is crucial in the maintenance of 

long-term haematopoietic stem cells (LT-HSC) survival but seems dispensable in determining 

lineage differentiation (Hua et al. 2017). Interestingly, we demonstrated that PCI treatment rescued 

HSPC expansion in hdac8-overexpressing embryos and displayed cytostatic and cytotoxic effects 

in AML cell lines characterized by high HDAC8 levels (HL60 and THP-1). As already shown in 

other studies (Qi et al. 2015; Rettig et al. 2015; Tian et al. 2015), PCI treatment exerted its effect 

by cell cycle arrest in G0-G1 phase and induction of p53-dependent apoptosis, which is not 

surprisingly considering p53 negative modulation by HDAC8 (Wu et al. 2013). Importantly, PCI 

treatment was effective even in a p53-null context through blocking cell cycle, thus suggesting it 

may be an interesting approach for the treatment of malignancies for which apoptosis induction is 

inhibited due to p53 mutations. In addition to single treatment, we also assessed PCI in 

combination with the standard chemotherapeutical cytarabine and observed a synergistic effect in 

all tested AML cell lines. This is interesting as double treatment could be done with lower doses 

of each compound, thus reducing possible dose-dependent side effects. Future studies aimed to 
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deciphering the molecular mechanisms underlying the synergistic effect of the combination would 

allow to identify more relevant pathways involved in tumour progression and to adopt a more 

targeted approach. 

Analogously to AML cell lines, we observed reduction of proliferation and apoptosis induction 

also in murine neural stem cells (NSCs) following either Hdac8 silencing by siRNA or PCI 

treatment. Considering the identification of HDAC8 loss-of-function mutations in CdLS patients 

(Deardorff, Bando, et al. 2012; Kaiser et al. 2014; Feng et al. 2014; X. Gao et al. 2018), these 

results suggest that the severe intellectual disability characterizing CdLS (Kline et al. 2018) is 

likely due to aberrant apoptosis observed during CNS development. To further confirm our data, 

we assessed HDAC8 loss-of-function in vivo, by mean of hdac8 knockdown in zebrafish embryos 

through hdac8-MO injection. In accordance with our in vitro results, hdac8-haploinsufficient 

embryos displayed an impairment of cephalic structure development which was consequence of 

an increased apoptosis, thus confirming the hypothesis that HDAC8 deficiency impairs CNS 

development through dysregulation of apoptosis. Indeed, this effect may be at least in part due to 

p53 hyperactivation following HDAC8 loss. However, HDAC8 dysregulation might also affect 

cohesin activity, thus impairing its role during mitosis and in DNA repair (Michaelis, Ciosk, and 

Nasmyth 1997; Watrin and Peters 2009; Jeppsson et al. 2014), eventually leading to cell cycle 

arrest and apoptosis induction. Consistently with this hypothesis, previous studies in CdLS models 

showed that defects of other cohesin complex members reduce cell proliferation and induce 

apoptosis (Pistocchi et al. 2013; Fazio et al. 2016), thus sustaining an important role for cohesin 

in CNS development. In addition to apoptosis, HDAC8 inhibition determined a strong reduction 

of NSCs differentiation. In line with these data, it was recently reported that CdLS is characterized 

by an impairment of retinoic acid (RA) signaling (Fazio et al. 2017), which is a master regulator 

of neuronal differentiation, thus suggesting HDAC8 to play a role in the modulation of this 

pathway. Indeed, HDAC8 was reported to be overexpressed in neuroblastoma and its specific 
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inhibition impaired tumour growth but, differently from our data, promoted RA-mediated 

differentiation (Rettig et al. 2015). 

Previous works highlighted a role for HDAC8 also in smooth muscle tissue (Waltregny et al. 2005; 

J. Li et al. 2014). In our work, following hdac8 inhibition in zebrafish embryos, we discovered a 

still unreported role in skeletal muscle tissue. We assessed HDAC8 expression in human skeletal 

muscle tissue, rhabdomyosarcoma cell lines, C2C12 murine myoblasts and zebrafish embryos. 

Our results indicated that HDAC8 is expressed in skeletal muscle and displays a nuclear 

localization. In particular, we observed that its expression strongly correlated with an advanced 

stage of muscle differentiation, as it was higher in differentiated C2C12 and rhabdomyosarcoma 

cells compared to undifferentiated C2C12 and low-differentiating rhabdomyosarcoma cells, 

respectively. In zebrafish embryos hdac8 expression showed a peak at 36 hpf, a stage in which the 

first myogenic wave has already occurred (Stellabotte et al. 2007). These data suggested that 

HDAC8 could be involved in mediating skeletal muscle differentiation. Consistently with this 

hypothesis, PCI treatment impaired C2C12 differentiation and caused a reduction of skeletal 

muscle myosin both in C2C12 and zebrafish embryos. These results prompted us to investigate 

whether HDAC8 dysregulation could be associated to skeletal muscle disorders such as DMD. 

Therefore, we assessed HDAC8 expression in myotubes from DMD patients and in a zebrafish 

DMD model generated by dmd-MO injection (J. R. Guyon et al. 2003). Surprisingly, HDAC8 was 

overexpressed in both DMD models, in comparison to respective controls. To our knowledge, 

HDAC8 dysregulation in DMD has never been described so far. Indeed, a previous study indicated 

a higher activity of class I HDACs in muscles from dystrophin-deficient Mdx mice, but only 

HDAC2 was found to be more expressed compared to wild-type mice (Colussi et al. 2008). This 

discrepancy might be due to the fact that Mdx mouse is known to develop a milder DMD 

phenotype, compared to human and zebrafish DMD models (Maves 2014). Since inhibition of 

HDACs was demonstrated to ameliorate DMD phenotype (Minetti et al. 2006; Johnson, Farr, and 

Maves 2013; Mozzetta et al. 2013), we assessed the potential of HDAC8 specific inhibition by 
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PCI in the treatment of this disorder. PCI treatment was able to increase fusion of human DMD 

myoblasts into myotubes and to rescue skeletal muscle lesions in dmd-MO injected zebrafish 

embryos, thus raising the possibility that HDAC8 inhibition may represent a valuable approach 

for DMD treatment. In this regard, HDACi are currently under study as a pharmacological 

approach for DMD and pan-HDACi Givinostat is currently in phase III clinical trial. Since the 

possibility to inhibit a specific HDAC isoform could ameliorate the outcome by reducing side 

effects, selective targeting of HDAC8 is worthy to be studied more in depth in future. 

Considering the multiple HDAC8 roles that we observed, we sought to find possible mechanisms 

underlying HDAC8 activity, other than p53 modulation. A recent work by Tian and colleagues 

reported HDAC8 as a positive modulator of canonical Wnt pathway in NAFLD-associated 

hepatocarcinoma (Tian et al. 2015). Thus, we tested WNT activity in several disease models both 

in vivo and in vitro obtaining many evidences indicating the involvement of HDAC8 in WNT 

activation. AML cell lines overexpressing HDAC8 showed high expression of canonical WNT 

antagonists PPP2R2B and NKD1 after treatment with PCI. Likely, in C2C12 cells the treatment 

with PCI caused reduction of β-catenin active form. In zebrafish, overexpression of HDAC8 

reduced the expression of canonical Wnt inhibitors and increased the pathway activity in the caudal 

haematopoietic tissue; both effects were rescued by inhibiting HDAC8 with PCI or by co-injection 

with the canonical Wnt inhibitor dkk1 full-length mRNA. Also, wild-type embryos treated with 

PCI showed a reduction of β-catenin activation. Moreover, exposure to the canonical Wnt 

signaling activator lithium chloride (LiCl) rescued both muscular impairment and apoptosis 

induction in Hdac8-deficient embryos. The involvement of HDAC8 in regulating canonical Wnt 

pathway represents an interesting possibility for therapeutical intervention in several contexts. 

Different studies reported downregulation of canonical Wnt pathway in CdLS models and LiCl 

treatment was already reported to rescue nipblb-deficiency phenotype in zebrafish (Pistocchi et al. 

2013; Schuster et al. 2015; Fazio et al. 2016). Similarly, as Wnt signaling is involved in 

myogenesis (Abraham 2016), its induction may be taken into account also for skeletal muscle 
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diseases. Importantly, the canonical Wnt pathway was reported to be involved in AML insurgence 

and maintenance of leukemic cells (Gruszka, Valli, and Alcalay 2019; Mazzola et al. 2019). Thus, 

combination of HDAC8 inhibitors and canonical Wnt pathway antagonist may represent an 

intriguing approach to be considered in the treatment of AML. 

In addition to the characterization of HDAC8 role in the modulation of the canonical Wnt pathway, 

we also performed acetylome profiling in PCI-treated embryos in order to identify possible other 

HDAC8 targets. Among differently acetylated proteins, we identified cytoskeleton proteins, 

namely tubulin-α2/β2 and α1 skeletal muscle actin. The identification of α-tubulin as HDAC8 

target is supported by a recent work by Vanaja and colleagues who demonstrated that HDAC8 

deacetylates α-tubulin in different cervical cancer cell lines (Vanaja, Ramulu, and Kalle 2018). 

Since alterations of microtubules have been reported in DMD models (Percival et al. 2007; 

Khairallah et al. 2012; Iyer et al. 2017), we considered it as a relevant feature to be analysed. We 

observed a reduction of α-tubulin acetylation status in dmd-MO injected zebrafish embryos, which 

was rescued by PCI treatment. The precise mechanism by which restoration of α-tubulin 

acetylation status rescued cytoskeleton organization is currently unknown, even though we 

speculate it might favour stabilization of microtubules, as tubulin acetylation is considered a 

marker of stable microtubules (L. Li and Yang 2015). Although more studies are still needed to 

better understand HDAC8 functions in order to evaluate its feasibility as a pharmacological target 

in pathologies characterized by HDAC8 dysregulation, our data support the potential of HDAC8 

inhibition in the treatment of DMD. 

Lastly, to compare and indirectly validate our findings with HDAC8 mis-regulation, we sought to 

investigate the impact of the loss-of-function of another modulator of the cohesin complex, NIPBL, 

which is one the most frequently mutated gene in CdLS patients (Krantz et al. 2004; Kline et al. 

2018). To assess the effect of NIPBL deficiency on gene expression, we performed the knockdown 

of the zebrafish ortholog nipblb by injecting the nipblb-MO and performed RNA-seq analyses on 

control and nipblb-MO embryos at 24 hpf and 3 dpf. Following nipblb downregulation at 24 hpf 
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we observed deregulated expression of 5691 genes, most of which (4205) were reduced. By 

contrast, at 3 dpf only 223 genes were differentially expressed between nipblb-MO and control-

MO embryos. As Nipblb protein was still absent at 3 dpf, these data suggested the existence of a 

mechanism opposing to nipblb loss-of-function during development. Possibly, this effect is 

mediated by the nipblb paralog nipbla, which expression was increased in nipblb-MO injected 

embryos. Indeed, zebrafish nipbl paralogs were suggested to have similar functions, even though 

with some functional specialization (Muto et al. 2014). Gene set enrichment analyses revealed that 

the genes downregulated at 24 hpf correlated with CdLS phenotype. For example, we identified 

genes associated with neural functions, such as neuroactive ligand-receptor interaction, which 

could underlie CdLS intellectual disability. Also, we observed downregulation of genes involved 

in MAPK signaling pathway and cardiac muscle contraction, previously identified also in a murine 

model for Nipbl-haploinsufficiency (Kawauchi et al. 2009) and CdLS NIPBL+/- cardiomyocytes 

(Mills et al. 2018). Moreover, in line with our previous work, canonical Wnt pathway was 

downregulated as well (Pistocchi et al. 2013). Conversely, upregulated genes in nipblb-

haploinsufficient embryos were associated with interferon and immune response. Similar results 

were obtained by Yuen and colleagues, who showed that in Nipbl+/- MEF cells upregulation of 

stress-induced immune response was caused by downregulation of RNA-processing genes and 

aberrant RNA biogenesis (Yuen et al. 2016). 

We also performed functional enrichment analysis using a collection of gene sets related to 

myeloid differentiation and AML, as recent evidence suggested a role for NIPBL in leukemia 

insurgence (Dang et al. 2017; Mazzola et al. 2019; 2020). Noticeably, nipblb-haploinsufficiency 

determined upregulation of genes associated with hematopoietic lineage committed progenitor 

cells and repressed genes expressed by HSC enriched populations and in AML stem cells, thus 

supporting its role in AML insurgence. Also, nipblb loss-of-function determined a transcriptional 

pattern resembling the one induced by mutation of nucleophosmin 1 (NMP1), a well-known AML-
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associated gene. However, more studies are needed to further explore NIPBL role in AML 

insurgence.
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6.CONCLUSIONS 

In these works, we demonstrated that HDAC8 is implicated in several biological processes and 

diseases. HDAC8 downregulation triggers apoptosis and inhibits neural differentiation in the CNS 

as well as it impairs differentiation also in skeletal muscle. Conversely, its overexpression triggers 

an expansion of HSPCs in zebrafish embryos and is associated with DMD. We showed that 

HDAC8 specific inhibition by PCI-34051 rescues HSPC expansion and exerts cytostatic and 

cytotoxic effects in AML cell lines, with a higher efficacy in combination with the standard 

chemotherapeutical cytarabine. Moreover, PCI treatment ameliorates DMD phenotype both in 

human myotubes and in zebrafish. We also investigated the pathways modulated by HDAC8 such 

as cell cycle and apoptosis, canonical Wnt signaling and microtubule arrangement. 

In parallel, to further increase the “omics” analyses on HDAC8 and cohesin, we analysed the effect 

of transcriptional dysregulation following NIPBL loss-of-function in zebrafish. By RNA-seq 

analyses we observed reduced expression of genes associated with neural differentiation, cardiac 

development and MAPK signaling and upregulation of genes associated with immune response. 

Interestingly, as observed for HDAC8 mis-regulation, also NIPBL impairment determined 

differential expression of genes associated with AML insurgence. 

Taken together, our data suggest that HDAC8 and cohesin represent an interesting tool to 

understand molecular mechanisms behind the insurgence of specific diseases, such as AML, and 

are promising targets for their treatment. 
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